room temperature like 3He, is ruled out as an alternative for neutron detectioll because of its toxicity. Elemental boron and its other compounds, such as boron carbide, have been studied by many groups. We examine, both theoretically and experimentally, the effici(~n(;ies of multi-layer boron thin films for neutron detection. A practical intrinsic efficiency limit of 42% has been fowld for multi-layer lOB detectors due to the charged particle loss in the horon layer, much less than 76% of the 2 bar 2" diam. 3He detectors. The same charge loss mechanism will prevent essentially all substrate-based boron detectors from ever reaching the efficiencies of high-pressure 3He tubes, independent of the substrate geometry and material composition (including silicon). Multi-layer approach can increase the detector cffi(:icncies up to the theoretical limit, with good n/, discrimination. Below , we first present. the analytic results of intrinsic efficiency calculations. Then we show the experimental data of multi-layer boron detectors using an ionization chamber for charge collection.
The film thickness (T) should be comparable to the ranges (Ro) of the charged products, a.n a and a 7Li, from the neutron capture 10 B(n, a)7 Li reaction. The 0: particle ranges in boron are 3.6 and 4.4 micron at 1.47 (94%) and 1.78 (6%) MeV respectively, (lnd 1.9 and 2.2 microns for the 0.84 (94%)and 1.02 (6%)MeV 7Li. The percentages are the production probabilities. A 100 keV may be used as the lower energy threshold for ion detection, which is still sufficiently high compared with , -induced electrons in an ionization chamber.
Wilen neutrons and the film are at the opposite sides of the substrate, it is called tnlllS- In comparison, at 1 atm. 3He pressure (S.T.P.) and 5 em diameter, the efficiency is 51.6%.
At 2 atm. and the same diameter , the efficiency is 76.6%. It should be point.ed out t.hat in principle, efficiencies greater than rv 42% are achievable by using ultra t.hin films, with film thickness much less than the charged particle range. However, the number of layers needed would be impractically large.
We have coated 1/32" -thick aluminum plates with boron-lO powder and used the plates in a planar ionization chamber configuration, which has been described previously.
[1] One difference is that there is no 3He in the gas nlixture. For multiple layers, we salldwiched a high-voltage (HV) wire array in-between two boron-coated plates. Up to four layers have been exarillned so far, with a boron-to-HV plate separation of about 3.3 nun. Uniforlllity of the spacing ("'-' 10% error or less) is critical for a uniform response among different coated layers. Typical pulse height spectra for a four-layer configuration are shown for lOB and natural, in comparison with a single layer in Fig. 3 . The results indicate good nil discrimination, as expected of an ionization chamber.
Finally, we compare the measured intrinsic efficiencies as a function of the layer numbers with the theory, Fig. 4 . The efficiencies are normalized to the largest efficiencies by detectors using natural boron. The large variations for several measurements with the same number of layers are from different coating techniques, which indicate that the substrate coverage and coating uniformity can affect the efficiencies strongly. We also found tha.t multi-layer configuration can increase the detector efficiencies up to the theoretical limit, as expected. 
